Improvement of catalysts for the steam reforming of tar derived from the pyrolysis of biomass is needed in terms of activity, stability, and resistance to coke deposition. Ni and Co are known to be active components for the steam reforming reaction, and one effective method to improve the catalytic performance is the alloying of the active metal with another suitable metal. The development of Ni _ Fe, Ni _ Co, and Co _ Fe alloy catalysts is described. The relationship between the promoting effect of alloy formation and the characterization of alloy particles is introduced. The catalytic performance of alloy particles is greatly influenced by the properties such as components, compositions, crystal structures, uniformity, and so on. In particular, utilization of hydrotalcite-like compounds as the catalyst precursors can produce alloy particles with uniform composition as well as higher catalytic activity than those prepared by the conventional impregnation method, demonstrating an effective method for preparing excellent alloy catalysts.
Introduction
Utilization of biomass for power generation and production of liquid fuels and chemicals has attracted much attention because of the renewability and sustainability of biomass resources. One of the common technologies for power generation, the production of liquid fuels by Fischer-Tropsch synthesis and chemicals by methanol synthesis, is the conversion of biomass to synthesis gas and hydrogen 1) 4) . A conventional method for biomass conversion to synthesis gas and hydrogen is non-catalytic gasification with air, which has usually been carried out at very high temperature ( 1073 K). In particular, reduction of the tar content as a by-product requires operation at very high temperature 4) . In the non-catalytic gasification system, the product gas is diluted with nitrogen because air is usually used as the gasifying agent. The diluted product gas is not suitable for the catalytic conversion of synthesis gas to hydrocarbons and methanol because these reactions require high pressure. In order to avoid dilution of the product gas, steam is used as the gasifying agent. The reactivity of steam as a gasifying agent is not as high as that of air. Therefore, the gasification of biomass with steam needs higher reaction temperature, which can decrease the energy efficiency, whereas higher energy efficiency in the production of synthesis gas and hydrogen requires that the reaction temperature should be lowered.
To solve this problem, catalytic steam reforming of tar derived from the pyrolysis of biomass at lower temperature has been developed. Biomass pyrolysis at low temperature such as 773 K gives high yield of a mixture of volatile organic compounds called tar or biooil 2) . If the catalytic conversion of this tar can be achieved by steam reforming at lower temperature, gasification of biomass to synthesis gas and hydrogen at low temperature will be feasible. This process requires the development of catalysts for the steam reforming of biomass tar, in particular, improved activity and stability of the catalyst.
Noble metals such as Rh are effective components for the conversion of biomass to synthesis gas 5) 15) . However, the high cost and limited availability of noble metals demands the further development of catalysts not based on noble metals. Ni and Co metals are known to catalyze the steam reforming reactions of hydrocarbons and oxygenates, and the modification of Ni and Co metals with suitable oxides or other metals can improve the catalytic performance 16) 25) . Our group has reported that the addition of cerium oxide 26) 30) and manganese oxide 31) to Ni catalysts enhanced the catalytic performance in terms of activity and suppression of coke formation in the steam reforming of the biomass tar. The interface between the metal and the added oxides was shown to be important, and the synergy between the activation of tar components on the metal surface and the activation of steam based on the redox property of the added oxides were important in the high catalytic performance. However, the interface between the metal and the metal oxide is difficult to expand. On the other hand, the interface between the metal and other metals can be expanded, in particular, through alloy formation of two metals. The combination of the metal and other metals with different oxygen affinities and redox properties such as Rh _ Sn 32), 33) , Pt _ Ni 34) 39) , Pd _ Ni 40) 44) , and Rh _ Co 45) 48) can also improve the catalytic performance in various reactions. The oxygen affinity of various metals is listed in Table 1 49) . This review article describes the development of Niand Co-based catalysts alloyed with other metals (Ni _ Fe 50), 51) , Ni _ Co 52) , Co _ Fe 53) ) for the steam reforming of tar derived from the pyrolysis of cedar wood.
Ni-Fe and Ni-Co Alloy Catalysts for Steam
Reforming of Tar 50), 52) Ni _ Fe/Al2O3 and Ni _ Co/Al2O3 alloy catalysts were prepared by the co-impregnation method using mixed aqueous solution of the corresponding metal nitrates (Ni(NO3)2 6H2O, Fe(NO3)3 9H2O, Co(NO3)2 6H2O). The support material of α-Al2O3 (BET surface area: 8 m 2 g -1 -cat) was prepared by the calcination of γ-Al2O3 (JRC-ALO-1, Catalysis Society of Japan, 143 m 2 g -1 -cat, grain size 2-3 mm) in air at 1423 K 54) , followed by crushing and sieving to obtain particle sizes between 0.6-2.0 mm. After impregnation, the catalyst was dried at 383 K for 12 h, followed by calcination at 773 K for 3 h under air atmosphere. Cedar wood was used as the biomass feedstock. Steam reforming of tar was conducted in a laboratory-scale continuous feed dual-bed reactor 54) . In this system, tar is formed by the pyrolysis of cedar wood in the presence of steam, and is then introduced to the secondary catalyst bed together with steam. Before catalytic reaction, the catalyst was pre-reduced in H2 at 773 K for 0.5 h. Figure 1A shows the catalytic performance of Ni _ Fe/ Al2O3 for the steam reforming of tar at 823 K. In the case of Ni(12 wt%)/Al2O3, the amount of the residual tar was large and the H2/CO ratio was rather low, indicating Ni(12 wt%)/Al2O3 had low reforming activity. In addition, Fe(6 wt%)/Al2O3 showed much lower activity than Ni(12 wt%)/Al2O3. In contrast, the promoting effect of Fe addition to Ni(12 wt%)/Al2O3 was maximum at Fe/Ni 0.5. The amount of H2 adsorption on Ni _ Fe/Al2O3 (Fe/Ni 0.5) (11 µmol g -1 -cat) was smaller than that of Ni(12 wt%)/Al2O3 (44 µmol g -1 -cat). Therefore, the high activity of Ni _ Fe/Al2O3 is considered to result from the synergy between Ni and Fe. In particular at Fe/Ni ≤0.5, not only the activity increased but also the amount of coke deposited on the catalyst decreased with higher Fe addition, indicating that Fe addition improves the resistance to coke deposition.
Ni and Co tend to be effective catalyst components for the catalytic reforming of hydrocarbons 55) 57) and oxygenates 58) 60) , respectively. On the basis that the biomass tar contains various kinds of hydrocarbons and oxygenates 4) , Ni _ Co catalysts can be multifunctional. As shown in Fig. 1B . Figure 2A shows the X-ray diffraction (XRD) patterns of Ni _ Fe/Al2O3 after H2 reduction at 773 K. The peak due to Ni metal was observed at 2θ 44.4° on Ni/ Al2O3. In contrast, the peak gradually shifted to smaller angle around 2θ 44 (Fig. 2B) . The observed composition of the fcc Ni _ Fe alloy phase was lower than the composition in Ni _ Fe/Al2O3 catalysts, and this tendency suggests that the composition of the alloy phase is not uniform. The small peak assigned to tetragonal NiFe phase 64) was detected at Fe/Ni 0.5, and this phase increased at Fe/Ni 0.5. Therefore, Fe-rich bcc Fe _ Ni alloy was probably formed at Fe/Ni 1 65) . In addition, Ni _ Fe fcc alloy phase was observed on Ni _ Fe/Al2O3 (Fe/Ni 0.5) after tar steam reforming, and the composition was determined to be Fe/Ni 0.29 ( Fig. 2A(f) ). The composition of the fcc Ni _ Fe alloy phase increased after the reaction, which can be interpreted as the solid reaction of the fcc Ni _ Fe alloy phase with the NiFe tetragonal phase. Figure 3A shows the XRD patterns of Ni(12 wt%)/ Al2O3, Co(12 wt%)/Al2O3 and Ni (Fig. 3B) . Figure 4 shows the transmission electron microscope (TEM) images of the fresh Ni _ Fe/Al2O3 (Fe/Ni 0.5) and Ni _ Co/Al2O3 (Co/Ni 0.25) catalysts after H2 reduction at 773 K. In the case of Ni _ Fe/Al2O3 (Fe/Ni 0.5), the average size of metallic particles was estimated to be 22 2 nm. The size was almost the same as that of Ni metal particles on Ni/Al2O3 obtained from the XRD pattern. On the other hand, based on the average particle size (d) from the TEM result, the dispersion (D) was calculated as 4.4 % using the equation D 97.1/d nm 66) , assuming the size of the Fe atom is the same as that of the Ni atom. The difference in the dispersion measured from H2 adsorption ( Table 2) and from TEM can be explained by the suppression of H2 adsorption by the addition of Fe. In addition, the elemental composition of the various positions on the catalysts was measured by energy dispersive X-ray fluorescence spectrometer (EDX) analysis. Although the average molar ratio is Fe/Ni 0.5, particles with com- positions far from the average were also present, indicating that the composition of metallic particles was not homogeneous (Fig. 4C ). In the case of Ni _ Co/Al2O3 (Co/Ni 0.25), the average size of the metallic particles was estimated to be 22 2 nm, which was comparable to the estimate from XRD (26 nm). The composition was not homogeneous in a strict sense, but the local composition of the Ni _ Co/Al2O3 (Co/Ni 0.25) was much more homogeneous than that of Ni _ Fe/Al2O3 (Fe/ Ni 0.5), as shown in Fig. 4C .
Metal particle sizes of Ni(12 wt%)/Al2O3 and Co(12 wt%)/Al2O3 estimated by XRD were 22 and 25 nm (Table 2), respectively. Assuming that the composition of the Ni _ Co solid solution was homogeneous, the average particle size can also be estimated for Ni _ Co/Al2O3 ( Table 2) . Moreover, the dispersion of Ni _ Co alloy particles can be calculated using the relationship between the average metal particle size (d/nm) and the dispersion (D) (D % ANi, Co/d 100, ANi, Co ANi Ni/(Ni Co) ACo Co/(Ni Co), ANi 0.971, ACo 0.963), which are also listed in Table 2 . The amount of H2 adsorption on the fresh catalysts after the reduction at 773 K and the dispersion are listed in Table 2 . The agreement of dispersion estimated from H2 adsorption and from XRD also suggests rather homogeneous composition of the Ni _ Co solid solution. Figure 5A shows the TPR profiles of Ni _ Fe/Al2O3 as well as Ni/Al2O3 and Fe/Al2O3. Considering the H2 reduction pretreatment temperature (773 K), the reduction degree of Fe (Fe 0 /(Fe total)) was calculated and is shown in Fig. 5A . Almost all Ni species on Ni/Al2O3 were reduced. However, the reduction degree of Fe was not as high as that of Ni. On Ni/Al2O3, H2 consumption was observed in the temperature range between 573 K and 800 K. In contrast, the temperature range of the reduction of Fe species on Fe/Al2O3 was very broad and higher. In the case of the Ni _ Fe/Al2O3 catalysts, the reduction of Fe was strongly promoted by the presence of Ni. This tendency can be explained by the spillover of activated hydrogen species from Ni to Fe. Similar behavior has been observed on NiO . Figure 5B shows the temperature-programmed reduction (TPR) profiles of Ni _ Co/Al2O3, Ni/Al2O3 and Co/Al2O3. the findings of H2 consumption below 773 K (Table 2) show that almost all Ni and Co species were reduced to the metallic state. This behavior may be due to the higher reducibility of Co species on Co/ Al2O3 than that of Ni species on Ni/Al2O3. As shown above, the composition of Ni _ Co alloy particles was rather uniform, which was due to the simultaneous reduction of Co and Ni, because the reducibility of Ni and Co is similar. In contrast, in the case of Ni _ Fe/Al2O3, the reducibility of Fe species on Al2O3 was not high even if reduction of Fe was promoted by the presence of Ni. The difference in the reducibility of Ni and Fe prevents simultaneous reduction, resulting in nonuniform composition. In addition, the surface segregation of Fe species on the Ni _ Fe alloy particles was verified, and this observation can be supported by the reduction of Ni species followed by that of Fe species. Similarly, surface segregation of Ni and high probability of noble metals occur inside the Ni-noble metal alloy particles on Ni catalysts modified with noble metals prepared by the co-impregnation method 37), 42) . Based on these results, to form alloy particles with uniform composition, the reducibility of two components should be adjusted.
Preparation of Uniform Ni-Fe Alloy Catalyst
The comparison between the Al2O3 supported Ni . Here, we attempted to prepare Ni _ Fe catalysts containing MgO using a hydrotalcite-like precursor.
Hydrotalcite-like compounds, also known as layered double hydroxides (LDHs), are a class of anionic clays consisting of positively charged brucite-like layers, interlayer charge-balancing anions, and water molecules 74) . represent divalent and trivalent metal ions within the brucite-like layers, and A n-represents an inter layer charge-balancing anion. Calcination converts the hydrotalcite-like compounds to mixed oxides that exhibit several good properties such as high dispersion, thermal stability, large surface area, and basic character. Moreover, the mixed oxides form welldispersed and thermally stable metal particles by reduction treatment if reducible cations are incorporated into the hydrotalcite-like compounds (Fig. 6) . The hydrotalcite structure of as-synthesized precursor was verified from Figs. 6A(a) and 6B. After calcination at 1073 K (Fig. 6A(b) ), the diffraction peaks of hydrotalcite phase completely disappeared and the diffraction pattern of Mg(Ni, Fe, Al)O phase appeared. Even after hydrogen reduction at 1073 K, the structure of the Mg(Ni, Fe, Al)O phase was maintained. Meanwhile, a diffraction peak at 2θ 51.4° appeared after the reduction (Fig. 6A(c) ), which shifted to lower angle compared to 51.8° for Ni metal on Ni/Mg/Al (Fig. 6A(d) ), suggesting the formation of Ni _ Fe alloy. According to the reduction degrees of Ni and Fe, about half of the Ni and Fe components were reduced to form Ni _ Fe alloy 51) . The unreduced portions of Ni and Fe were probably incorporated in the MgO-like phase (Mg(Ni, Fe, Al)O)). The composition of Ni _ Fe alloy particles in Fig. 6A(c) was estimated to be Fe/Ni 0.2 from the peak shift, using Vegard's rule. Ni _ Fe alloy formation was also confirmed by STEM-EDX analysis (Fig. 6C) , and the Fe/Ni ratio in the alloy particles was determined to be in the range of 0.17-0.22. These compositions agreed well with that obtained from the XRD analysis, indicating the uniform composition of Ni _ Fe alloy nanoparticles. The average diameter of the particles in Figs. 6C and 6D (Σnidi 3 /Σnidi 2 ) was determined to be 9.5 nm, and the distribution of the particle size was rather narrow. On the other hand, from the BrunauerEmmett-Teller (BET) surface area (127 m 2 /g-cat), the size of the Mg(Ni, Fe, Al)O particles was calculated to be ~13 nm, which is comparable to the size of alloy particles. Therefore, Ni _ Fe/Mg/Al had a nanocomposite structure consisting of uniform Ni _ Fe alloy particles and Mg(Ni, Fe, Al)O particles.
The catalytic performance of the Ni _ Fe/Mg/Al catalysts was investigated in the steam reforming of toluene, which is one of the typical compounds used to model tar derived from the pyrolysis of wood biomass containing cellulose, hemicellulose, and lignin 2), 4) . The steam reforming of toluene was carried out using a continuous flow reaction system with a fixed-bed reactor. Before the reaction, the Ni _ Fe/Mg/Al catalyst was reduced at 1073 K with a H2/N2 (30/30 mL/min) gas flow. . In addition, the dependence of the catalytic activity on the Fe/Ni ratio in the case of steam reforming of phenol was almost the same as that of toluene 51) . Comparison of Ni _ Fe/Mg/ Al and Ni/Mg/Al showed that the promoting effect of Fe was much more remarkable than in the case of Al2O3-supported catalysts, which can be attributed to the uniformity of the Ni _ Fe alloy nanoparticles. Next, the promoting effect of Fe on the suppression of coke formation, which can be connected to the catalyst stability 41) , 68) , was investigated. In order to evaluate the catalyst stability, Ni _ Fe/Mg/Al (Fe/Ni 0.25) and Ni/Mg/Al were tested in the steam reforming of toluene for longer reaction times. As shown in Fig. 8A , Ni _ Fe/Mg/Al (Fe/Ni 0.25) maintained toluene conversion of more than 99 % for 20 h, indicating high activity and stability for the steam reforming of toluene. On the other hand, the activity of Ni/Mg/Al was lower than that of Ni _ Fe/Mg/Al (Fig. 8B) . The pressure difference between catalyst bed inlet and outlet increased for Ni/Mg/Al after 17 h, but this behavior was not observed for Ni in Ni _ Fe bimetallic sites with homogeneous and advantageous composition, in which Ni atoms can activate hydrocarbon molecules and neighboring Fe atoms can activate H2O to H2 and adsorbed oxygen atoms. This function is based on the higher oxygen affinity of Fe compared to that of Ni. The oxygen atoms supplied from Fe react with adsorbed hydrocarbon, leading to high activity and resistance to coke formation. The transfer of oxygen atoms from the metal with higher oxygen affinity to the metal with lower oxygen affinity on the alloy surface has been also suggested on Rh _ M (M Co, Ni, Fe) catalysts for the partial oxidation of methane 45),48) . Figure 9 shows the XRD patterns recorded after the reduction and the catalytic use of both catalysts. In the case of Ni/Mg/Al, the size of Ni metal particles increased from 7.6 nm to 11.3 nm during the reaction, and the peak assigned to the deposited coke at 2θ 25.5° was remarkably stronger. On the other hand, in the case of Ni _ Fe/Mg/Al, the size of Ni _ Fe alloy nanoparticles was almost constant and the coke peak was not observed at all. Regarding the suppression of aggregation of nanoparticles, two characteristics of Ni _ Fe/Mg/Al can be considered: the high resistance to coke deposition and the nanocomposite structure. Coke deposition can weaken the interaction between metals and oxide supports, so the high resistance to coke deposition of Ni _ Fe/Mg/Al may also contribute the inhibition of aggregation 85) . Meanwhile, the Mg(Ni, Fe, Al)O particles are located between the Ni _ Fe alloy nanoparticles, and may be important in inhibiting contact between the Ni _ Fe alloy nanoparticles even at rather high reaction and reduction temperatures (1073 K).
The catalytic performance of Ni _ Fe/Mg/Al in the steam reforming of tar derived from the biomass pyrolysis will be investigated in the near future.
Co-Fe Alloy Catalyst for Steam Reforming of Tar

53)
The Ni catalysts were mainly investigated for the steam reforming of methane and biomass tar. As mentioned above (Fig. 1B) , Co/Al2O3 catalyst showed higher performance than Ni/Al2O3. In addition, Co catalysts were effective in the steam reforming of tar 61) 63), 86) . Based on these reports and our findings, the catalyst development of Co-based alloy, in particular, Co _ Fe alloy, has been carried out. of catalyst, almost all tar was converted over the catalysts with Fe/Co 0.25-0.5. Therefore, the difference in the activity was too small for the optimization of the added Fe amount. In order to verify the optimum Fe amount, the catalyst amount of Co _ Fe/Al2O3 (Fe/Co 0.25-0.5) was decreased to 0.3 g, and the result showed that Co _ Fe/Al2O3 (Fe/Co 0.25) exhibited the highest performance. Therefore, addition of the optimum amount of Fe to Co/Al2O3 catalyst improved the catalyst performance in terms of activity and suppression of coke deposition. As in the case of Ni _ Fe/Al2O3 and Ni _ Co/Al2O3, the performance is not determined by the number of surface metal atoms, but by the surface property of the alloy. From the comparison of the results of the activity tests (Figs. 1 and 10) , Co _ Fe/Al2O3 (Fe/ Co 0.25) showed the highest activity in the steam reforming of tar. Figure 11 shows the XRD patterns of Fe/Al2O3, Co/ Al2O3 and Co _ Fe/Al2O3 after H2 reduction at 773 K for 0.5 h. The peak due to Fe metal with the bcc structure was observed at 2θ 44.7° on Fe/Al2O3, whereas the peak due to Co metal with the fcc structure was observed at 2θ 44.28° on Co/Al2O3. In the case of Co _ Fe/Al2O3 (Fe/Co 0.13-0.5), two peaks in the range of 2θ 44.0-45.3° were observed. The peak around 2θ 44.1° was gradually shifted to smaller angle with increasing Fe amount, and the intensity of the peak decreased. This peak disappeared on Co _ Fe/Al2O3 (Fe/ Co 0.75 and 1). According to previous reports 87), 88) , the peak at 44.1° is assigned to Co _ Fe solid solution alloy with the fcc structure. The other peak around 2θ 45.1° was shifted to smaller angle with increasing Fe content approaching that due to Fe metal with the bcc structure, and this peak is due to Co _ Fe solid solution alloy with the bcc structure on the basis of the previous reports 88) , 89) . In the case of Ni _ Fe/Al2O3, the formation of the bcc alloy was not detected at Fe/Ni ≤1 ( Fig. 2A) , in contrast, the formation of the bcc alloy was recognized even at Fe/Co 0.13 (Fig. 11A) . This suggests that Co tends to form the bcc alloy with Fe.
Since two alloy phases were detected, we attempted to determine the composition and distribution of the alloy phases. Figure 11B shows the d-spacing of the fcc and bcc Co _ Fe alloy phases as a function of the composition (Fe/(Co Fe)) on Co/Al2O3, Fe/Al2O3 and Co _ Fe/Al2O3 catalysts. In order to apply the Vegard's rule to the results, the d-spacings of bcc and fcc Co _ Fe alloy were calculated using the lattice constant of bcc Co metal 0.2827 nm 90) and fcc Fe metal 0.3646 nm 91) , as shown in Fig. 11B . From the line of Vegard's rule and the d-spacings obtained from the experimental results in Fig. 11A , the actual compositions in the fcc and bcc Co _ Fe alloy phases were estimated assuming uniform composition of each phase. In addition, since all Co and Fe species are reduced to metallic species on Co _ Fe/Al2O3 catalysts after the reduction pretreatment 53) , the distribution of Co and Fe in the fcc or bcc alloy phase could be calculated easily from the obtained composition of each phase. Figures 11C and 11D Next, toluene steam reforming was investigated. Figure 13 shows the formation rate of the products and toluene conversion as a function of time on stream over Co _ Fe/Al2O3 (Fe/Co 0.25). In the absence of H2 addition, the activity decreased significantly with increasing reaction time. Co/Al2O3 showed stable activity in the steam reforming of toluene without hydrogen addition (details are not shown). Under this condition, Co/ Al2O3 gave 55.3 % toluene conversion. The steady state activity in the toluene steam reforming in the ab- (Fig. 13A) , the amount of the deposited coke on Co _ Fe/Al2O3 (Fe/Co 0.25) was determined to be 5 mg g -1 -cat. This coke amount is quite small, and cannot explain the deactivation of Co _ Fe/Al2O3 (Fe/Co 0.25). One possible reason for the deactivation is t h o u g h t t o b e c a t a l y s t o x i d a t i o n w i t h s t e a m . Therefore, addition of hydrogen to the reactant gas for toluene steam reforming was evaluated. The stability of Co _ Fe/Al2O3 (Fe/Co 0.25) was improved by hydrogen addition (Fig. 13B) . After this activity test, the amount of the deposited coke on Co _ Fe/Al2O3 (Fe/Co 0.25) was also as small as 15 mg g -1 -cat, only a little higher than found in the steam reforming of toluene in the absence of hydrogen. Figure 14 shows the XRD patterns of Co _ Fe/Al2O3 (Fe/Co 0.25) after reduction and steam reforming of biomass tar and toluene. After reduction, both fcc and bcc Co _ Fe alloys were detected as explained above. After steam reforming of the biomass tar, the peak due to bcc Co _ Fe alloy decreased and that due to fcc Co _ Fe alloy slightly increased. Considering the constant activity in the steam reforming of tar (Fig. 12) , oxidation of the bcc Co _ Fe alloy proceeded to some extent at initial stage, and further oxidation was suppressed. The difference in the resistance to oxidation with steam between the alloy phases can be explained by the Fe/Co ratio: the content of Fe in bcc Co _ Fe alloy was much higher than that in fcc Co _ Fe alloy, as shown in Fig. 11C . In the case of the toluene steam reforming in the absence of H2 addition, the peak due to bcc Co _ Fe alloy disappeared (Fig. 14(c) ), suggesting that fcc Co _ Fe is not oxidized and bcc Co _ Fe is oxidized almost completely during the reaction. Here, the obtained Fe/ Co (0.18) in the fcc Co _ Fe alloy was slightly higher than after the reduction (0.11) 53) . The increase of Fe/ Co in the fcc Co _ Fe alloy may be explained by the phase transition from the bcc Co _ Fe alloy with higher Fe/Co to the fcc Co _ Fe alloy with oxidation. This phenomenon indicates that preferential oxidation of Fe in the bcc Co _ Fe alloy can decrease the Fe/Co in the reduced phase, and promote the phase transition to fcc Co _ Fe alloy which is more stable at lower Fe/Co. The comparison between the reaction time dependence of the activity test and the XRD results after the reaction suggests that the activity of the fcc Co _ Fe alloy is not high. On the other hand, after steam reforming of toluene with hydrogen addition, peaks due to both fcc and bcc Co _ Fe alloy phases were maintained ( Fig. 14(d) ). Here, the Fe/Co ratio was slightly increased by steam reforming of toluene in both fcc and bcc Co _ Fe alloys. The oxidation of Co is preferable to that of Fe based on passivation of the surface of metal particles from extended X-ray absorption fine structure (EXAFS) analysis 53) . Therefore, the Fe/Co ratio in the alloys can be increased by preferential oxidation of Co.
Comparison of the reaction time dependence of the activity and the structure after the reaction showed that the addition of H2 to the reactant gas maintained the bcc Co _ Fe alloy structure and high activity in the steam reforming of toluene. In the steam reforming of hydrocarbons, the ratio of the oxidation rate of active metal species to the reduction rate of oxidized species can determine the state of the metal species under steady-state reaction conditions. In the steam reforming of toluene without H2 addition, the reduction rate with toluene was higher than the oxidation rate with steam for the Corich fcc Co _ Fe alloy phase, whereas the oxidation rate is higher for the Fe-rich bcc Co _ Fe phase. If hydrogen was added to the reactant gas, the reduction rate was accelerated and the bcc Co _ Fe alloy phase was maintained in the metallic state, and these phenomena may be related to the high reforming activity.
The reason why bcc Co _ Fe alloy phase is maintained during the steam reforming of biomass tar without the addition of hydrogen may be because the tar contains more highly reactive components than toluene 4) , suggesting that the reduction rate with tar is much higher than that with toluene. This difference can be related to the presence of the bcc Co _ Fe alloy phase after the steam reforming of tar, which can lead to higher activity of Co Fe/Al2O3, but bcc Co _ Fe alloy with uniform composition is expected to exhibit higher performance. In particular, if uniform bcc Co _ Fe becomes available, the optimum composition of the alloy can be evaluated and the reason why the surface of the bcc Co _ Fe alloy has high steam reforming activity will be elucidated.
Conclusions
In this review article, we introduce the development of Ni _ Fe, Ni _ Co, and Co _ Fe bimetallic particles for the steam reforming of tar. The catalytic performance of the alloy particles is strongly dependent on their components, compositions, crystal structures, uniformity, and other characteristics. It is very important to optimize these parameters for the development of alloy catalysts with high catalytic performance.
